Fe=MgO-based magnetic tunnel junctions are among the most promising candidates for spintronic devices due to their high thermal stability and high tunneling magnetoresistance. Despite its apparent simplicity, the nature of the interactions between the Fe and MgO layers leads to complex finite-size effects and temperature-dependent magnetic properties which must be carefully controlled for practical applications. In this article, we investigate the electronic, structural, and magnetic properties of MgO=Fe=MgO sandwiches using first-principles calculations and atomistic spin modeling based on a fully parametrized spin Hamiltonian. We find a large contribution to the effective interfacial magnetic anisotropy from the two-ion exchange energy. Minimization of the total energy using atomistic simulations shows a surprising spin-spiral ground-state structure at the interface owing to frustrated ferromagnetic and antiferromagnetic interactions, leading to a reduced Curie temperature and strong layerwise temperature dependence of the magnetization. The different temperature dependences of the interface and bulklike layers results in an unexpected nonmonotonic temperature variation of the effective magnetic-anisotropy energy and temperature-induced spin-reorientation transition to an in-plane magnetization at low temperatures. Our results demonstrate the intrinsic physical complexity of the pure Fe=MgO interface and the role of elevated temperatures providing insight when interpreting experimental data of nanoscale magnetic tunnel junctions.
I. INTRODUCTION
The control of perpendicular magnetocrystalline anisotropy (PMCA) at ferromagnetic transition-metal-insulator interfaces is of paramount importance in the manufacture of spintronic devices, such as perpendicular magnetic tunnel junctions [1] [2] [3] and tunneling anisotropic magnetoresistive systems [4] . Large PMCA can be achieved by fabricating heterostructures including heavy nonmagnetic elements with large spin-orbit coupling (SOC) [5] , such as Co=Pt or Co=Au [6] . It has been shown that this out-of-plane PMCA enhancement at the interface is due to an increase of orbital moment of Co atoms and strong hybridization of the 3d-5d orbitals between the transition metals and the heavy atoms [6] [7] [8] [9] . Recently, it has been demonstrated that other 3d transition metal elements show increased PMCA even if their spin-orbit coupling is weak [10] [11] [12] . Such is the case of Fe-based thin films at MgO(001) interfaces, where the Fe d z 2 − O p z hybridization at the interfaces results in enhanced PMCA [13] .
Using ab initio calculations Yavorsky and Mertig [14] have shown the existence of antiferromagnetic Fe=Fe interactions in the Fe plane connected to the MgO. From this, they inferred the intriguing possibility of noncollinear magnetic structures but did not determine the ground-state spin structure. In addition to the possibility of antiferromagnetic interactions, the ground-state spin configuration will be perturbed due to the complex distance-dependent exchange interactions, which is difficult to quantify in layered systems with broken out-of-plane translational invariance. Spin fluctuations at elevated temperatures, coupled with the effects of any noncollinearity, will naturally lead to complex temperature-dependent behavior of the magnetic properties, including the magnetocrystalline anisotropy energy (MAE).
While there are a large number of applications of magnetic-nonmagnetic interfaces such as generating Skyrmions [15] or as magnetic tunnel junctions [16] in magnetic random-access memories, the physical properties of such interface systems (including Fe/MgO) are not fully understood. At the electronic level there exists a basic understanding of the interface exchange [14] and anisotropy [17] , with very little understanding of thermal and long-range magnetic-ordering effects. Detailed understanding of the magnetization dynamics and temperature-dependent magnetic properties, particularly that of the magnetization and anisotropy, require a multiscale approach based on atomistic spin dynamics [18] with ab initio parametrization. This is especially important given the localization of the magnetic anisotropy at the interface and the possibility of noncollinear spin structures.
In this article, we use a multiscale approach to model the electronic, structural, and magnetic properties of the Fe=MgO interface in a sandwich geometry. Our results reveal the role of single-ion and two-ion anisotropy contributions, as well as the long-range exchange interactions in the ground-state configurations of two different bcc-Fe thicknesses sandwiched by two MgO(001) regions:
We show that the lack of Fe out-of-plane symmetry and dissimilar in-plane lattice constants compared to the Fe bulk have a drastic effect on the magnetic properties at the Fe=MgO interface, leading to an exchange anisotropy which provides a dominant contribution to the total PMCA. Through atomistic simulations we show that the complex interfacial exchange interactions lead to a spiral ground-state spin structure. The temperature dependence of the anisotropy is shown to be nonmonotonic, driven by the different temperature dependences of the single-ion and two-ion anisotropies and leads to a significant reduction in the Curie temperature of the system as observed experimentally.
II. DETAILS OF THE CALCULATIONS
We use the SIESTA software package [19] to obtain the final Á Á Á MgO=n Fe Fe=MgO Á Á Á configurations used in the screened Korringa-Kohn-Rostoker (SKKR) calculations [20] by performing fully ionic conjugate gradient relaxation (see Sec. I of the Supplemental Material [21] ). For the calculations we use a high number of MgO planes since the SKKR method requires the system to be considered as an intermediate layer region positioned between two semiinfinite bulk regions. From the fully relaxed geometry, a 9MgO=n Fe Fe=9MgO slice is extracted and embedded into the MgO bulk, resulting in an Fe layer sandwiched between two semi-infinite MgO bulk alloys. The presence of the MgO interface leads to enhanced interfacial magnetic and orbital moments, giving total moments of approximately 2.8 μ B at the interface compared to approximately 2.3 μ B in the middle of the sandwich, as detailed in the Supplemental Material.
The layer-resolved exchange [22] and anisotropy contributions we calculate using the SKKR code (see Sec. I of the Supplemental Material for details [21] ), allowing for a mapping onto a classical spin Hamiltonian [23, 24] 
where S i is a classical unit vector parallel to the magnetization at site i, J ij is the exchange-interaction tensor between sites i and j, and the last term represents the onsite anisotropy, with the anisotropy constant k i and e the easy axis direction. Within the SKKR formalism, the total MAE, defined as the total energy difference between hard and easy magnetization directions, can be resolved into layerwise contributions
where K on site ¼ P i k i and K two site is given an exchange anisotropy by the difference in the zz and xx components of the exchange tensor.
III. RESULTS
A. Layered resolved magnetic anisotropy
The layer and site-resolved anisotropy contributions are shown in Fig. 1 for (a) n Fe ¼ 4 and (b) n Fe ¼ 8 layers. The Mg and O atoms make a negligible contribution to the MAE. At the interface, specifically on the first two Fe planes, the on-site values (blue filled squares) present higher values compared to those in the center for any configuration. In addition, these positive values imply that the Fe atoms contribute to the total MAE with an out-ofplane anisotropy. However, as the thickness increases, the on-site anisotropy in the center becomes more complex and for n Fe ¼ 8 the easy axis lies in-plane.
For four Fe planes (n Fe ¼ 4), the on-site contribution to the MAE is four times larger than that of the n Fe ¼ 8 case, which we attribute to the enhanced orbital magnetic moment from the small number of Fe planes in the system. The thickness dependence of the two-site anisotropy is more complicated, showing a sign change for the interface layer between n Fe ¼ 4 and n Fe ¼ 8 layers and also the appearance of a preferred in-plane orientation of the magnetization at the center of the n Fe ¼ 8 layer sandwich. In all cases the two-ion contributions to the MAE are seen to be dominant. Because of the different temperaturedependent scalings of single-ion and two-ion anisotropies [25] with the magnetization (m 3 and m 2 at low temperature, respectively) their relative magnitudes determine the overall temperature dependence of the PMCA. Most ab initio calculations do not distinguish the origin of the PMCA, only its magnitude and, therefore, simple assumptions for the macroscopic temperature dependence of the anisotropy based on Callen-Callen theory [26] are likely to be erroneous. It is worth mentioning that other theoretical works have been performed in order to gain more insight into the nature of PMCA at Fe=MgO interfaces [17] and at CoFe=MgO interfaces for different compositions [27] . In good agreement with our results (see Fig. 1 ), both works conclude that the main contributions to the anisotropy energy come from the two ferromagnetic layers closest to the interface. Zhang et al. [27] found that the PMCA at Co 1 x Fe x =MgO interfaces strongly depends on the composition of CoFe, decreasing with increasing Co concentration. Moreover, at a certain x value there is a transition from positive to negative MCA. Hallal and co-workers [17] found that, besides the main interfacial contribution, the anisotropy energy propagates into the ferromagnetic bulk, showing an attenuating oscillatory behavior. In the present work (see the entry for n Fe ¼ 8 in Fig. 1 ) we also clearly observe this oscillatory behavior of the anisotropy energy.
B. Magnetic exchange interactions
In addition to site-resolved anisotropies, we study the effect of the MgO/Fe interface on the interatomic exchange interactions. To aid analysis, we consider the trace of the exchange tensor J iso ij ¼ 1 3 TrJ ij which forms the dominant part of the exchange energy. The range dependence of the exchange energy for the n Fe ¼ 8 system for different layers is shown in Fig. 2(a) . As is commonly observed, the exchange interactions are long ranged and oscillatory in nature but also dominated by interactions with the nearest magnetic moments and decay rapidly with interatomic distance. The leading terms for all layers are ferromagnetic, leading to a general expectation of ferromagnetic ordering as would be expected for Fe. For bulk Fe, the exchange, as also shown by Yavorsky et al. [14] ), shows antiferromagnetic contributions with the behavior becoming oscillatory after a couple of lattice spacings. However, in the Fe=MgO interface system, the exchange remains antiferromagnetic for interactions out to a much longer range. To better resolve the origin of the ferromagnetic interactions we have separated the exchange interactions by layer in Fig. 2(b) . This separation clearly shows that the large antiferromagnetic interactions in the interface layer occurs between atoms in the same plane. For the smaller n Fe ¼ 4 system, the nearest-neighbor interactions are similar, while the inplane antiferromagnetic interactions are 40 meV larger, likely leading to a qualitatively different magnetic structure. In general, the isotropic Fe exchange at the interfaces for any n Fe behaves in the same way, i.e., from the third Fe layer the magnetic behavior is similar to any Fe atom within the bulk and the main differences in the magnetic properties arise at the interface.
C. Mesoscopic temperature dependence
While the ab initio calculations give information about the nature of the interactions in the system, their complex nature makes it difficult to draw clear conclusions about the macroscopic magnetic properties of the system as the ground state is governed by the balance of the whole set of interactions. The ab initio calculated Hamiltonian can then be used to determine the ground-state structure at elevated temperatures through atomistic spin modeling. The calculations utilize the VAMPIRE software package [28, 29] considering a 10 nm × 10 nm × 8 monolayer (ML) system of Heisenberg spins with periodic boundary conditions in the plane. We consider the full exchange tensor of over 2000 interactions per spin, localized anisotropy, and magnetic moments in the simulations. Metropolis and constrained [25] variants of Monte Carlo algorithms are used to determine the ground-state spin configurations in a plane-by-plane manner as well as the Curie temperature and temperature-dependent anisotropy.
A visualization of the final magnetic ground states for n Fe ¼ 8 are shown in Figs. 3(a) and 3(b) . In (a) the top plane represents Fe at the MgO interface where a spinspiral ground state appears due to the frustration between ferromagnetic and antiferromagnetic interactions and the appearance of Dzyaloshinkii-Moriya interactions (DMI) [30, 31] at the interface due to broken inversion symmetry. The temperature dependence of the spin-spiral state is discussed in Sec. IV of the Supplemental Material [21] . Interestingly, the orientation of the spiral is at approximately 16.4°to the x axis and the spin spiral is confined to the positive z values (S z > 0). Moving layerwise towards the center of the sandwich, the spin spiral becomes much less prominent and a ferromagnetic ordering dominates, which confirms that the interfacial antiferromagnetic nearest-neighbor interactions and DMI are responsible for the frustrated spin-spiral structure. In fact, such a complex exchange pattern arises only in those layers that are at the interface with MgO. Figure 3(c) shows the top view of the DMI magnitude for the top layer, where a nontrivial relationship among the neighbors of both direction and magnitude of DMI can be seen, and, as they lie in the x-y plane, they can induce noncollinear spin configurations.
Using the spin model, we also investigate the effects of the anisotropy contributions on the overall effective value (see Fig. 4 ). The anisotropy is calculated using the constrained Monte Carlo method [25] , an approach that allows one to constrain the direction of the magnetization away from the easy axis of the system. The anisotropy shows a surprising nonmonotonic behavior at low temperatures caused by the spin-spiral state. As the temperature-driven spin fluctuations increase, this destabilizes the spin-spiral ground state leading to an increase in the effective magnetic anisotropy as the magnetic ordering in the interface layer becomes more ferromagneticlike. Interestingly, the scaling of the effective magnetic anisotropy has an unusual exponent of kðmÞm 4.1 , which is expected for neither single-ion ðm 3 Þ or two-ion ðm 2 Þ anisotropy scaling. We attribute this unusual exponent to the frustrated nature of the exchange interactions at the interface, and so we expect a high exponent for the interface layer and lower for the subsurface layers, which when normalized to the average magnetization gives a higher effective scaling of the anisotropy constant.
IV. CONCLUSION
In conclusion, we present a fully relativistic electronic structure study of the exchange interactions and the siteresolved MAE of Á Á Á MgO=n Fe Fe=MgO Á Á Á [n Fe ¼ 4, 8] sandwiches. Our results reveal a dominant contribution to the MAE from the two-ion exchange anisotropy. Furthermore, we show that the competing ferromagnetic and antiferromagnetic interactions at the Fe=MgO interface lead to an overall ferromagnetic ground state but which includes a frustrated spin spiral at the interface, which destabilizes the magnetization of the interfacial layer at elevated temperatures, leading to a reduction of the Curie temperature of the system. The complex equilibrium magnetic properties of this technologically important material are of critical importance to understanding the thermal stability and spin-transport properties of nanoscale MTJ devices and can provide key insights into experimental observations.
